Introduction
Cast stainless steels used for primary coolant piping in many pressurized water reactors and for valve bodies, fittings, and coolant pump casings in most light water reactors are subject to embrittlement after extended service at reactor opS_'ating temperatures (280--320°C). Thermal aging of cast stainless steels at these temperatures causes an increase in hardness and tensile strength and a decrease in ductility, impact strength, and fracture toughness of the material.I-II Most studies pertaining to embrittlement of cast stainless steels involve simulation of end-of-life reactor conditions by accelerated aging at >400°C because the time period for operation of a power plant (=40 y) is far longer than can generally be considered for laboratory studies.
Thus an assessment of end-of-life mechanical properties is almost always based on an Arrhenius extrapolation of the accelerated test data to reactor operating conditions.
In view of the complexity of the embrittlement mechanisms and kinetics, microstructural studies and mechanical testing of actual component materials that have completed long mm-reactor service are needed to ensure that the mechanisms observed in accelerated aging experiments are the same as those occurring in the reactor. Cast stainless steel materials from the decommissioned Shippingport reactor offered a unique opportunity to validate and benchmark the laboratory studies.
The objectives of this paper are to characterize the mechanical-property degradation suffered by cast stainless steel components from the Shippingport reactor and compare the results with estimates obtained from accelerated laboratory-aging studies.
Cast stainless steel materials were obtained from four cold-leg check valves, two hot-leg main shutoff valves, and two pump volutes.
One of the volutes is a "spare" that had seen service only during the first core loading and the other was in service for the entire life of the plant. The actual time at temperature for the materials was _=13 y at ==281°C (538°F) for the hot-leg components and ,_264°C (507°F) for the cold-leg components.
The components were at a hot stand-by condition ,,204°C (400°F) for an additional ,_2 y.
Material Characterization
The various cast materials were characterized to determine their chemical composition, hardness, grain structure, and ferrite content and distribution. Samples were obtained from different locations of the casting and from diKerent regions across the thickness of the wall. The chemical compositior_, hardness, and amount and distribution of ferrite for the cast mate,"ials are given in Table 1 . Ali materials are CF-8 grade of cast stainless steel. Hardness incrcaues with an increased ferrite content.
Some differences in hardness and ferrite content were observed for material from ".,]'erent locations in the casting.
Such differences appear to be related to compositional variations.
Ali valve materials have a radially oriented columnar grain structure. Typical examples of the grain structure for the check valves and main shutoff" valves are shown in Figs. 1 Microstructural examination of the cast materials indicates that the mechanism of low--temperature embrittlement is the same as that of the laboratory-aged materials. 12,13 Ali materials showed spinodal decomposition of the ferrite to form a chromium-rich ¢x'phase. In addition, the check valve materials contained the nickel-and silicon-rich G phase in the ferrite and M23C6 carbides at the austenite/ferrite phase boundary. An unexpected microstructural feature, i.e., _ phase precipitates on slip bands and stacking faults, was also observed in the austenite of the check valve material.
Precipitation of a phase generally occurs at temperatures >550°C. The presence of a phase and phase boundary migration indicate significant differences between the production heat treatment of the check valves and that of the other materials. instrumented tup and data readout system was used for the tests. Tensile tests were performed on cylindrical specimens with 5 mm diameter and a gauge length of 20 mm. The tests were conducted at an initial strain rate of 4 x 10-.4 s-l.
Baseline Mechanical Properties
The baseline mechanical properties for the as-cast materials must be known to establish the thermal-aging effects during reactor service. Microstructural and armealing studies 2,12-14 on laboratory-aged and on reactor-aged materials have been conducted to investigate the possibility of recovering the mechanical properties of embrittled materials. The results indicate that the formation of (z' by spinodal decomposition is the primary mechanism for embrittlement.
The ¢z°phase is not stable at temperatures >550°C, The mechanical properties can be recovered by annealing the embrittled cast stainless steels for 1 h at 550°C and water-quenching to dissolve the (x' phase while avoiding the formation of o phase. The influence of annealing on the Charpy transition curves for three laboratory-aged heats and service-aged material from the KRB reactor is shown in Fig. 6 . The service-aged pump cover plate was obtained from the KRB reactor, which was in service in Gundremmingen, West Germany, for =12 y (i.e., --8 y at a service temperature of 284°C). The chemical composition and ferrite content of the KRB material are shown in Table 1 Heat 69, and 75 were aged for 10,000 h at 400°C and the KRB material was in service for 68,000 h at 284°C. The results indicate essentially a complete recovery of embrittlement; the transition curves for the annealed materials agree well with those for the unaged steel. Microstructural examination of the annealed material showed no a' phase, but the size and distribution of the G phase were the same as in the aged material.12- 14 The results indicate that baseline mechanical properties of as--cast material can be determined from the recovery-annealed material.
tl Charpy-impact tests were also conducted on material from a cooler region of the Shippingport loop A main shutoff valve to obtain baseline properties. The Charpy transition curves for MA9 and recovery-annealed material from MA9 and MA1 are shown in Fig. 7 . These materials are from the same valve, although MA9 is from a cooler region of the valve. The results indicate that MA9 material suffered little or no thermal-aging embrittlement; annealing had no effect on the transition curves. The results for annealed MA1 material also show good agreement with the transition curve for MA9. The upper-shell energy (USE) for both materials is not constant but decreases with an increase in temperature.
The average impact energies at room temperature and at 290°C, respectively, are 356 and 253 J/cm 2 for MA9 and 320 and 254 J/cm 2 for annealed MA1.
The Charpy data were fitted with a hyperbolic tangent function of the form
where Ko is the lower-shelf energy, T is the test temperature in°C, B is half the distance between upper-and lower-shelf energy, C is the mid-shelf Charpy transition temperature (CTT) in°C, and D is the hall-width of the transition region. The best-fit curves for MA9, with or without mmealing, and for annealed MA1 indicate that the latter is marginally i weaker; the CTT is =10°C higher and the average USE is =30 J/cm 2 lower for MA1. Such 4 differences in impact energy are most likely due to minor variations in composition and structure of the materials from difI\_.rent locations of the casting. The Charpy data for MA9 and annealed MA1 may be represented by a single transition curve; the best-fit curve is shown in Fig. 7 . The Charpy data were fitted with the hyperbolic tangent expression given in Eq. (1); the values of the constants for the various materials are given in Table 2 . The results indicate that the room-temperature impact energy of the materials is relatively high and the mid-shelf cTr, i.e., constant C in Eq.
(1), is very low. The check valve materials CA4 and CB7 are weaker than MA1, e.g., the mid-shelf CTT is _ 100°C higher for CA,I and CB7. The higher CTTs are due to the presence of phaseboundary carbides in the check valve materials (Fig. 4) . The carbides weaken the phase boundaries and thus provide an easy path for fracture.
The decrease in impact strength from ,,13-.y service at reactor temperatures is minimal for the materials.
The room-temperature impact energy of MA1 and CA4 materials is decreased by ,,70 and 40 J/cre 2 (41 and 24 ft.lb), respectively.
Charpy tests on recoveryannealed material from check valve CB7 and pump volute PV are in progress to establish the aging effects. The large difference in USE for the as-cast and service-aged materials from row 1 of MA1 (Fig. 9 ), is not due to thermal aging. The inner 15-mm region of the MA1 valve body contains a high density of inclusions/flaws and is inherently weak. The inner surface of all the valves contained repair welds. There is no significant difference in the chemical composition or ferrite content of the material across the thickness of the valve body.
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Tensile Properties
Tensile tests were conducted at room temperature and at 290°C on CA4 and MA1 materials; results are given in Table 3 . The yield stress for the two materials are comparable, while '.he ulUmate stress of CA4 is higher than for MA1. Tensile properties were also estimated from the instrumented Charpy-impact test data. For a Charpy specimen, yield stress is given by ay = 1.50PyB/Wb 2,
and ultimate stress by au = 2.28PmB/Wb 2,
where Py and Pm are the yield and ma>-!mum loads obtained from the load-time traces of the Charpy test, W is the specimen width, B is the specimen thickness, and b is the uncracked ligament.
The estimated values of yield and ultimate stress, along with the values obtained from tensile, tests are shown irl Fig. 11 .
The estimated tensile properties are in good agreement with the measured values. However, specimens
MAli-T02 and -T03, which were tested at room temperature and 290°C, respectively, show low ultimate strength and poor ductility. These specimens were obtained from the inner 15-mm region of the valve body. The poor tensile properties are caused by inclusions and flaws in the material.
As discussed above, the room-temperature impact energy of row I specimens is also low, e.g., ,,177+33 J/cm 2, compared to _299-k-_33 J/cm 2 for specimens from other regions of the valve body. Tensile tests are being conducted on recovery-annealed materl, als to establish the effect of aging. Tests are also in progress on material from the service--aged pump volute PV. 
Estimation of Impact Energy
The room-temperature impact energy as a function of time and temperature of aging is estimated from the kinetics of embrittlement. The decrease in impact energy Cv (in daJ/cm2) with time is expressed as
where CVsat {also in daJ/cm 2) is the saturation impact energy, [3 is half the maximum change in logCv, {} is the log of the time at 400°C to achieve 13 reduction in impact energy at 400°C, and a _s a shape factor. The aging parameter P is the log of the aging time for a specific degree oi embrittlement and is defined by
where Q is the activation energy (in J/mole) and t and Ts are the time (in h) and temperature (in°C) of aging. 
where Q 1.sin kJ/mole and 8 is defined in Eq. {6). The constants } and ct in Eq. (6) can be determtued from the initial trap! tct enerKW of"the material CVint and the saturation impact energy Cvsat. Thus.
and ct = 0.126.+ 0.9471ogl0Cvsat. {10)
For a specific cast stainless steel, the values of room-temperature impact energy .as a function of time and temperature of reactor service and the minlmum saturation impact energy that would ever be achieved for the material can be estimated from Eqs. (4)- (10) . The information required for the estimations include the chemical composition, initial impact energy of the unaged material, and the constant 0. Values of Oare not available for cast components in the field, and can only be obtained I_1 aging archive material for 5,000 to 10,000 h at 40[9°C. However, paramet"ic studies indicate that the aging response at reactor temperatures, i.e., 320 to 280°C, is relatively insensitive to the value oi 8. Varying 0 between 2.3 and 3.3 results in almost identical a_ing behavior' at 300°C. The differences in aging behavlor at 280 or 320_C for values of 0 i_ the range of .interest are minimal.
Room-temperature impact energy was estimated for the cast materials from the Shippingport reactor.
The tuitlal impact energy of the as-cast materlals was determine0 from the data for recovery-annealed material or material from a cooler region of the casting. A value of 2.9 was assumed for the constant O. Some materials were aged further in the laboratory at 400, 350, and 320°C to obtain an accurate value of 6 and to validate the estimations of the saturation impact energy Cvsat and activation energy for embrittlement of the materials.
The estimated values are given in Table 4 . Estimations for the KRB reactor pump cover plate materlal are also included in Lhe table. The estimated impact energies (column 3 in Table 4} show good agreement with the measured values and are within the experimental scatter band.
The change i_,_estimated Charpy-impact energy with aging time at temperatures between 400°C and reactor service temperature is shown in Figs. 12 and 13 for CA4, MAI, and KRB materials.
Estimated and measured impact energies for e,_sentially unaged VR and MA9 materials aged at 400, 350, and 320°C are shown in Fig. 14 . The hlgh-temperature aging data for CA4 and MA1 materlals represent service-aged material that was aged further in the laboratory at 350 and 400°C. Aging times were adjusted to include the effect of thermal aging at reactor temperature.
For e.xample, = 13 y service at a cold-leg temperature of 264°C co, responds to 234 h at 400°C for' the CA4 material, and =13 y service at a hot-leg temperature of 281°C corresponds to 113 h at 400°C for MA1 material. The hlgh-temperature aging data for tl_e KRB pump cover plate were obtained on recovery-annealed material. The estimated values are in good agreement with the measured impact energies, particularly at reactor operating temperatures. The measured impact energies for recoveryannealed KRB material aged at 350 and 320°C are slightly lower than the estimations.
The predicted minimum saturation
Charpy impact energies also are in very good agreement with the experimental data. The measured h-npact energies for VR, MA9, and KRB materials aged at 400°C achieve saturation at the predicted values. The materials are being aged up to 30,000 h at 400, 350, and 320°C to validate the estimated extent and kinetics of embrittlement. 
where the impact energy CV is in J/cm2. The estimated fracture toughness J-R curves at room temperature and at 290°C for the CA4 and MAt materials are shown in Fig. 15 . A comparison of the estimated and experimental J-R curves for the KRB pump cover plate materi_ is shown in Fig. 16 . All materials e_hibit relatively high fracture toughness. The fracture toughness Jic for the materials is estimated to be >300 kJ/m 2 at room temperature and >350 _J/m 2 at 290C. Fracture toughness tests are in progress on the Shippingport materials to validate the predictions.
Tests will also be conducted on recovery-annealed material to estimate the loss In fracture toughness during reactor service and on fully-aged materials,
i.e., aged for =10,000 h at 400°'C, to obtain the fracture toughness at saturation.
Conclusions
Charpy-impact and tensile properties of several cast stainless steel materials from the Shlppingpo_ 1"eactor have been characterized. The room-temperature impact energy is relatively high, > 120 J/cm2 (>70 ft.lb). The check valve materials are weaker than ! the main valve materials because of the presence of phase-boundary carbides.
The CIT for the check valves is =100°C higher than ibr the main shutoff valves, e.g., -20 to 5°C for check valves and -140 to -110°C for main valves. The results show good agreement with estimations based on accelerated laboratory-aging studies.
The correlations for estimating thermal aging degradation o[" cast stainless steels indicate that the degree of embrittlement of the Shippingport materials is low. The minimum room-temperature impact energy that would ever be achieved after long-term aging of the materials is estlmat:d to be >75 J/cm 2 (>45 ft.lb) and fracture toughness JIc >300 kJ/m 2, The estimated act_v,¢tlon energies for embrittlement range from 150 to 230 kJ/mole.
